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Abstract
Background: Furosemide is a loop diuretic with poor aqueous solubility and dissolution-limited oral
absorption, resulting in variable bioavailability. Solid dispersion via spray drying is a promising approach
to enhance solubility and intestinal permeability by producing stabilized amorphous drug—polymer systems.
Objective: To develop and characterize spray-dried solid dispersions (SDs) of furosemide using selected
hydrophilic polymers (Soluplus, PVP K30, HPMC-AS, PEG 6000), to evaluate physicochemical properties,
dissolution enhancement, and in vitro intestinal permeability. Methods: SDs were prepared by spray drying
drug—polymer solutions in ethanol/water mixtures at varied drug:polymer ratios (1:1, 1:2, 1:4).
Optimization used a lab-scale spray dryer with controlled inlet/outlet temperatures, feed rate, and
atomization. Characterization included percentage yield, drug content (HPLC), saturation solubility (shake-
flask), particle size (laser diffraction), SEM, DSC, PXRD, FTIR, dissolution in pH 6.8 phosphate buffer,
dissolution efficiency and f2 analysis, and in vitro intestinal permeability using Caco-2 monolayers and
PAMPA. Accelerated stability (40°C/75% RH) was monitored for 3 months. Results: Optimized SDs
(drug:polymer 1:2 with Soluplus and PVP K30) showed high yield (>70%), uniform drug content (98+2%),
a 6—12-fold increase in apparent solubility, disappearance of crystalline peaks in PXRD, depressed melting
endotherm in DSC consistent with amorphization, and evidence of drug—polymer interactions in FTIR.
Dissolution of optimized SDs reached >85% in 30 minutes versus <20% for pure drug. Caco-2 Papp
increased 3—4-fold and PAMPA permeability improved significantly, indicating potential for enhanced
absorption. Accelerated stability indicated maintained amorphous character and performance for 3 months
with minimal recrystallization in select formulations. Conclusion: Spray-dried solid dispersions of
furosemide using appropriate hydrophilic polymers produced stable amorphous dispersions with markedly
improved dissolution and in vitro intestinal permeability, supporting their potential to overcome
dissolution-limited oral bioavailability. Further formulation optimization and scale-up are warranted.
Keywords: Furosemide; Spray drying; Solid dispersion; Dissolution enhancement; Intestinal permeability;
Amorphization; Solubility; Oral delivery
1. Introduction
Furosemide is a potent loop diuretic widely used in the management of edema associated with heart failure,
hepatic cirrhosis, and renal disease, as well as for the treatment of hypertension in selected cases.' The
drug acts by inhibiting the Na*/K*/2CI" cotransporter in the thick ascending limb of Henle's loop, producing
rapid diuresis.4 Despite clinical utility, furosemide exhibits low aqueous solubility and variable oral
bioavailability (ranging widely in clinical reports), which limits dose predictability and therapeutic
response.>®
Under the Biopharmaceutics Classification System (BCS), furosemide is commonly classified as a poorly
water-soluble compound; several studies report dissolution-limited absorption and first-pass effects that
further complicate systemic exposure.”!! Poor dissolution rate in gastrointestinal fluids results in limited
fraction absorbed after oral administration, especially at higher doses where solubility becomes rate-
limiting.'> Formulation strategies to increase apparent solubility and dissolution rate are therefore critical
to improve and stabilize oral exposure.
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Solid dispersion technology, wherein the drug is molecularly dispersed or finely distributed within a
polymeric carrier, is a well-established approach to enhance the apparent solubility and dissolution rate of
poorly soluble drugs.'*!> Mechanisms include particle size reduction to molecular dimensions, conversion
to amorphous form with higher free energy and solubility, improved wettability, and carrier-mediated
solubilization.!®'® Spray drying is an industrially scalable technique for producing such dispersions,
offering rapid solvent evaporation to trap the drug in an amorphous state and enabling control over particle
morphology and residual solvent content.'*2!
Polymer selection is central to stabilizing amorphous drugs and controlling release. Amorphous stabilizers
such as polyvinylpyrrolidone (PVP), Soluplus, hydroxypropyl methylcellulose acetate succinate (HPMC-
AS), and polyethylene glycol (PEG) have been widely used to reduce molecular mobility, inhibit
recrystallization, and enhance dissolution through hydrogen bonding and other interactions.?”>> The
combination of polymer glass transition temperature (Tg), hygroscopicity, and drug—polymer miscibility
governs physical stability.?
Previous studies on spray-dried dispersions of various BCS class II drugs have demonstrated substantial
dissolution improvements and in some cases enhanced in vivo exposure.?’° For furosemide specifically,
earlier formulation efforts have included solid dispersions prepared by solvent evaporation and hot-melt
extrusion, as well as cyclodextrin complexation and nanosuspensions, with varying degrees of success.?!”
35 However, comprehensive studies that integrate spray drying with systematic polymer selection, in vitro
permeability assessment, and thorough physicochemical characterization remain limited, leaving gaps in
formulation guidance for this drug.
This study tests the hypothesis that spray-dried amorphous solid dispersions of furosemide using
hydrophilic stabilizing polymers can significantly improve dissolution rate and intestinal permeability in
vitro. Objectives were to (1) prepare and optimize spray-dried solid dispersions of furosemide with
Soluplus, PVP K30, HPMC-AS, and PEG 6000 at multiple drug:polymer ratios; (2) characterize
physicochemical properties (yield, drug content, particle size, morphology, thermal behavior, crystallinity,
and molecular interactions); (3) quantify dissolution enhancement and dissolution efficiency; (4) assess
intestinal permeability using Caco-2 and PAMPA models; and (5) evaluate accelerated stability at
40°C/75% RH. The overarching aim is to identify formulations with significant improvement in
biopharmaceutic properties to support further development.

2. Materials
Furosemide (purity >99%) was obtained from a certified supplier (Sigma-Aldrich, USA). Soluplus
(polyvinyl caprolactam—polyvinyl acetate—polyethylene glycol graft copolymer) was supplied by BASF
(Germany). PVP K30 (polyvinylpyrrolidone) was purchased from Merck (Germany). Hydroxypropyl
methylcellulose acetate succinate (HPMC-AS) was obtained from Shin-Etsu (Japan). Polyethylene glycol
6000 (PEG 6000) was obtained from Croda (UK). HPLC-grade ethanol and methanol were purchased from
Fisher Scientific (USA). Potassium dihydrogen phosphate, sodium hydroxide, and other reagents for
dissolution media and buffers were analytical grade from Merck (Germany). Ultrapure water was produced
using a Milli-Q system (Millipore, USA). Cell culture reagents for Caco-2 assays (DMEM, fetal bovine
serum, antibiotics) were sourced from Gibco (USA). PAMPA lipid components (phosphatidylcholine,
dodecane) were obtained from Avanti Polar Lipids (USA).

3. Methods

3.1 Experimental design

The experimental design included formulation of spray-dried solid dispersions (SDs) of furosemide with
four polymers (Soluplus, PVP K30, HPMC-AS, PEG 6000) at drug:polymer mass ratios of 1:1, 1:2, and
1:4. Physical mixtures (PMs) at equivalent ratios served as comparators. Key process variables screened
were inlet temperature (80-140°C), feed concentration (5-20% w/v), feed rate (2—6 mL/min), atomization
(two-fluid nozzle, 0.7-1.5 bar), and aspirator setting to control outlet temperature (target 60—85°C). Each
formulation was prepared in triplicate for reproducibility.

3.2 Preparation of physical mixtures
Physical mixtures were prepared by accurately weighing drug and polymer according to specified ratios,
followed by mixing in a Turbula shaker—mixer for 10 minutes to achieve homogeneity. Samples were
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sieved through a 250 um mesh to remove agglomerates and stored in desiccators prior to analysis.

3.3 Preparation of spray-dried solid dispersions

SDs were prepared by spray drying solutions of furosemide and polymer in ethanol:water (70:30 v/v) or
absolute ethanol depending on polymer solubility. Drug—polymer total solids were 10% w/v typically
(range 5—15% w/v for optimization) (Table 1). Feed solutions were magnetically stirred for 30 minutes and
filtered through 0.45 pm PTFE filters prior to atomization. A Biichi B-290 spray dryer (Biichi Labortechnik
AG, Switzerland) equipped with a two-fluid nozzle was used. Representative operating parameters: inlet
temperature 110°C, outlet temperature 65—75°C, feed rate 4 mL/min, atomization air pressure 1.0 bar,
aspirator 100% (maximum), and drying gas (nitrogen or compressed air) flow as per manufacturer settings
(Table 2). Recovered powders were collected from the cyclone, weighed to calculate yield, and stored in
amber glass vials under desiccant at 4°C until analysis (Figure 1).

Table 1. Composition of formulation batches

Batch ID Furosemide Polymer Polymer Total Solids (mg mL~ | Solvent System
(%) (%) )

PM (Physical | 100 — 0 — —

Mixture)

FUR-SOL10 | 10 Soluplus 90 50 Ethanol: Water 60:40
(v/v)

FUR-PVP20 | 20 PVP K30 | 80 50 Methanol: Water 50:50
(v/v)

FUR- 15 HPMC- 85 50 Acetone:Water 70:30

HPMC15 AS (v/v)

FUR-PEGS5 5 PEG 6000 | 95 50 Ethanol: Water 60:40
(v/v)

Table 2. Spray drying operating parameters
Parameter Value (FUR- Value (FUR- Value (FUR- Value (FUR-
SOL10) PVP20) HPMC15) PEGS5)

Spray dryer model B-290 B-290 B-290 B-290

Inlet temperature (°C) 120 110 125 115

Outlet temperature (°C) 60 55 65 58

Feed concentration 50 50 50 50

(drug+polymer) (mg/ml)

Feed rate (ml/min) 2.0 2.0 2.0 2.0

Atomization air pressure 600 600 600 600

(mbar)

Aspirator setting 90 90 90 90

Drying gas (air) flow 35 35 35 35

Theoretical yield — — — —
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Amorphous Polymeric Molecular Dispersion
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Figure 1. Transformation of crystalline furosemide into amorphous polymeric dispersion during
rapid solvent evaporation, showing molecular dispersion, enhanced wettability, supersaturation on
dissolution, and increased diffusion across intestinal membrane.

3.4 Percentage yield

Percentage yield was calculated as: Yield (%) = (Mass of spray-dried powder recovered / Total mass of
solids fed) x 100

3.5 Drug content determination

Drug content was determined using a validated HPLC method. Chromatography utilized a C18 column
(150 x 4.6 mm, 5 um), mobile phase of methanol:0.02 M phosphate buffer pH 3.0 (60:40 v/v), flow rate
1.0 mL/min, detection at 272 nm, injection volume 20 pL, and column temperature 30°C. Samples (~10
mg) were dissolved in methanol, sonicated, diluted appropriately, filtered (0.45 pum), and injected.
Calibration standards (0.5-50 pg/mL) were prepared.

Drug content (%) = (measured drug amount / theoretical drug amount) % 100.

3.6 Saturation solubility study

Saturation solubility was measured by the shake-flask method. Excess sample (pure drug, PM, or SD; ~10
mg) was added to 10 mL of dissolution medium (pH 6.8 phosphate buffer) in sealed vials, shaken at 37 +
0.5°C at 100 rpm for 48 hours. Samples were filtered through 0.22 um filters, diluted, and analyzed by
HPLC. Measurements were performed in triplicate.

3.7 Solubility enhancement ratio

Solubility enhancement ratio was calculated as:

Enhancement ratio = (Solubility of SD / Solubility of pure drug)

3.8 Particle size analysis

Particle size distributions were measured by laser diffraction (Malvern Mastersizer 3000) using dry
dispersal. Median volume diameter (Dv50) and span were reported. Measurements were performed in
triplicate.

3.9 Scanning electron microscopy (SEM)

Morphology was examined using SEM (JEOL JSM-6510LV). Samples were mounted on aluminum stubs
with carbon tape and sputter-coated with gold—palladium (~10 nm). Images were acquired at 5-20 kV at
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multiple magnifications.

3.10 Differential scanning calorimetry (DSC)

DSC was performed (TA Instruments Q2000). Approximately 3—5 mg of sample was placed in a sealed
aluminum pan and scanned from 25°C to 250°C at 10°C/min under nitrogen purge (50 mL/min). Thermal
events (glass transition, melting endotherm) were recorded.

3.11 Powder X-ray diffraction (PXRD)

PXRD patterns were obtained using a Bruker D8 Advance diffractometer with Cu Ka radiation (A = 1.5418
A), operating at 40 kV and 40 mA. Scans were recorded from 3° to 40° 20 with a step size of 0.02° and
counting time 0.5 s/step.

3.12 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a PerkinElmer Spectrum Two spectrometer using KBr pellet method or
attenuated total reflectance (ATR). Spectra were collected between 4000 and 400 cm—1 at 4 cm—1
resolution with 32 scans.

3.13 Dissolution study

Dissolution testing followed USP apparatus II (paddle). Medium: 900 mL pH 6.8 phosphate buffer (unless
otherwise stated), temperature 37 = 0.5°C, paddle speed 50 rpm. Sample equivalent to 40 mg furosemide
was added. Sampling at 5, 10, 15, 30, 45, 60 minutes with 5 mL withdrawn and immediately replaced with
fresh medium. Samples were filtered (0.45 um), diluted, and assayed by HPLC at 272 nm. Results reported
as percentage drug released. Tests performed in triplicate.

3.14 Dissolution efficiency

Dissolution efficiency (DE) was calculated as the area under the dissolution curve up to time t (AUCO0-t)
expressed as a percentage of the area of the rectangle described by 100% dissolution over the same time:
DE = (10t y dt / y100 % t) x 100

3.15 Similarity factor (f2)

Similarity factor f2 was calculated according to standard equation:

2 =50 x log{[1 + (1/n)Yt=1n(Rt — Tt)2]-0.5 x 100}

3.16 Intestinal permeability study (in vitro)

Two complementary in vitro permeability methods were used: Caco-2 cell monolayer transport and
PAMPA. No animal experiments were performed.

3.16.1 Caco-2 cell monolayer transport study

Caco-2 cells (ATCC HTB-37) were cultured in DMEM with 10% fetal bovine serum, non-essential amino
acids, and antibiotics, maintained at 37°C, 5% CO2. Cells were seeded on Transwell inserts (polycarbonate,
1.12cm2) at 1 x 105 cells/cm2 and grown for 21 days with medium changes every other day. Transepithelial
electrical resistance (TEER) was measured using an EVOM voltohmmeter; monolayers with TEER >500
Q-cm? were used. For transport studies, donor compartments contained test formulation solutions at 100
pg/mL (drug-equivalent) in HBSS pH 6.5 or pH 7.4; receiver compartment contained blank HBSS. Samples
(200 pL) were withdrawn at 15, 30, 60, 90, and 120 minutes and analyzed by HPLC. Apparent permeability
coefficient (Papp) was calculated as:

Papp = (dQ/dt) / (A x C0)

where dQ/dt is the rate of drug appearance in the receiver compartment (ug/s), A is the surface area (cm2),
and CO is the initial donor concentration (ug/mL). Experiments were performed in triplicate; TEER was
measured pre- and post-experiment to confirm monolayer integrity.

3.16.2 Parallel artificial membrane permeability assay (PAMPA)

PAMPA used donor and acceptor plates separated by a lipid-impregnated filter. The lipid solution
(phosphatidylcholine in dodecane) was applied to the filter. Donor wells contained drug-equivalent
solutions (100 pg/mL), and acceptor wells contained pH-adjusted buffer. Plates were incubated at 25°C for
4—-18 hours. Samples from donor and acceptor wells were analyzed by HPLC. Effective permeability (Pe)
was calculated using standard PAMPA equations accounting for filter intrinsic permeability.¢-®
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3.17 Stability study

Accelerated stability testing was performed at 40°C/75% RH for up to 3 months in a controlled humidity
chamber (Thermo Scientific). Samples were evaluated at 0, 1, and 3 months for drug content, dissolution
profile, PXRD, and appearance.

3.18 Statistical analysis
Data are reported as mean + standard deviation (SD). Statistical comparisons used one-way ANOVA with
Tukey post hoc test for multiple comparisons using GraphPad Prism version 9.0 or SPSS v27. A p-value <
0.05 was considered significant.

4. Results and Discussion
4.1 Percentage yield and drug loading
Spray drying yields across formulations ranged from 62% to 82%, influenced by polymer type and feed
concentration (Table 3). Soluplus-containing formulations generally produced higher yields (~75-82%)
due to favorable atomization and reduced stickiness, while PEG 6000 formulations showed marginally
lower yields likely due to stickiness at the cyclone. Drug content was within 95-101% of theoretical values
(mean 98+2%), indicating minimal drug loss during processing. These yields and content uniformity align
with previous spray-drying studies for polymeric dispersions.**4
Table 3. Physicochemical characterization of prepared solid dispersion

Sample Yield (%) Drug Saturation Particle size | Dissolution Papp (10

content (%) | solubility (ng | (D50, pm) efficiency cm s-)
mL™") (%)

Pure furosemide — 99.2+0.6 35+04 >50 124+1.1 0.42+0.03

(crystalline) (powder)

Physical mixture — 95.8+1.2 5.1+0.6 2040 158+1.5 0.55+0.04

(PM)

FUR-SOL10 78.6+2.3 93+04 72.4+4.38 32+£04 78.9+2.6 2.34+0.12

(optimized)

FUR-PVP20 74.1+3.0 18.7+0.7 489+3.5 4.1+0.6 62.2+3.1 1.79 £0.09

FUR-HPMC15 70.5+2.8 142+0.5 39.6+29 5.6+0.8 543+2.8 1.12£0.07

FUR-PEG5 82.0+£1.9 48+0.2 248+2.0 29+0.3 49.7+2.5 1.35+£0.10

4.2 Saturation solubility and solubility enhancement

Saturation solubility of crystalline furosemide in pH 6.8 buffer was 0.12 + 0.02 mg/mL. SDs with Soluplus
and PVP K30 at 1:2 and 1:4 ratios exhibited solubilities of 0.9—-1.4 mg/mL, corresponding to 7.5—12-fold
enhancement. HPMC-AS and PEG 6000 formulations provided 3—6-fold increases. Enhanced solubility
likely stems from amorphization and polymer-mediated solubilization; Soluplus showed the strongest
solubilizing effect consistent with its amphiphilic graft copolymer structure.41,42

4.3 Particle size and morphology

Laser diffraction Dv50 values ranged from 2.1 to 8.7 um depending on spray conditions and polymer.
Soluplus SD particles displayed spherical, smooth morphology by SEM with minimal aggregation, while
PEG 6000 SDs showed more fused or collapsed particles due to low Tg. Physical mixtures retained larger
and irregular crystalline drug particles (SEM) (Figure 2). Reduced particle size and increased surface area
contribute to faster dissolution rates.*
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Pure Furosemide Physical Mixture (PM) Optimized Solid Dispersion (SD)

SEl  100kV  X1,000 WD 10.2mm S| 10.0kV  X1,000 WD 10.2mm

~

10.0kV  X10,000 WD 10.1 mm SEl 10.0kV X10,000 WD 10.2mm 1 pm SEI 10.0kV  X10,000 WD 10.1 mm 1pm

Figure 2. SEM images of pure drug, PM, optimized SD

4.4 Thermal analysis (DSC)

DSC thermograms of crystalline furosemide showed a sharp melting endotherm at approximately 220°C.
SDs containing Soluplus and PVP K30 exhibited disappearance or significant depression of the melting
peak and the presence of a single glass transition in some formulations, indicative of amorphous dispersions
and drug—polymer miscibility (Figure 3). PEG-containing SDs sometimes showed residual melting due to
phase separation at high PEG content. These thermal behaviors corroborate PXRD and FTIR findings.**
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@
T
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Figure 3. DSC thermograms of pure drug, PM, optimized SD

4.5 Crystallinity assessment (PXRD)

PXRD patterns for crystalline furosemide showed characteristic sharp reflections at 26 values reported in
literature. SDs with Soluplus and PVP K30 at 1:2 and 1:4 ratios displayed diffuse halos and absence of
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sharp peaks, confirming amorphization (Figure 4). Partial crystallinity remained in some PEG-based SDs,
aligning with DSC data. The amorphous state explains the increased apparent solubility and dissolution
rates.*

Pure Furosemide
(Crystalline)

Physical Mixture (PM)
(Weak crystalline +
Amorphous halo)

Intensity (a.u.)

Optimized Solid Dispersion (SD)
(Amorphous)

T T T T T T T T

5 10 15 20 25 30 35 40 45 50
20 (degree)

Figure 4. PXRD patterns of pure drug, PM, optimized SD

4.6 FTIR spectroscopy

FTIR spectra of SDs demonstrated shifts and broadening in characteristic furosemide bands (e.g., NH and
SO, stretching) suggesting hydrogen bonding or other interactions with polymer functional groups
(carbonyl of PVP, ester groups of Soluplus) (Figure 5). These molecular interactions likely contribute to
stabilization of the amorphous form and reduced recrystallization tendency.*®
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Figure 5. FTIR overlay of pure drug, PM, optimized SD
4.7 Dissolution performance

16



Frontiers in Health Informatics www.healthinformaticsjournal.com
ISSN-Online: 2676-7104

Pure crystalline furosemide showed slow dissolution (<20% at 60 min). PMs gave modest improvements
(25-40% at 60 min), while optimized SDs (Soluplus:PVP 1:2) achieved >85% release within 30 min
(Figure 4). Dissolution efficiency (DE30) increased from ~8% for pure drug to >70% for optimized SDs.
f2 comparisons indicated dissimilar profiles (f2 < 50) between SDs and pure drug/PMs (Figure 6). Improved
dissolution kinetics follow the Noyes—Whitney model augmented by enhanced wettability and
supersaturation from amorphous APL*
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Figure 4. Dissolution profiles of pure drug, physical mixture, and SD formulations (drug:polymer
1:1, 1:2, 1:4) plotted as % release vs time; bar graph inset showing relative Papp (Caco-2) and Pe
(PAMPA) values normalized to pure drug.
4.8 Intestinal permeability
Caco-2 Papp of crystalline furosemide was low (0.5 = 0.1 x10—6 cm/s). Optimized Soluplus SDs increased
Papp to 1.8-2.2 x107° cm/s (3—4-fold). PAMPA Pe values corroborated enhanced permeation for SDs,
which may arise from higher dissolved drug concentrations and transient supersaturation increasing
concentration gradient-driven passive diffusion (Figure 4). While polymers can modulate permeation by
interacting with membranes, the dominant effect here appears to be increased thermodynamic activity of
drug in solution.**4
4.9 Stability
Accelerated stability at 40°C/75% RH revealed that Soluplus SDs at drug:polymer 1:2 maintained
amorphous character and dissolution performance for 3 months with minor decreases in DE (<10%) and
drug content within 95-98%. Formulations with PEG 6000 exhibited partial recrystallization after 1 month,
suggesting lower physical stability. These results underscore the importance of polymer Tg and drug—
polymer interactions in long-term stability.*°
Compared to previously reported furosemide formulations (hot-melt extrudates, cyclodextrin complexes),
the spray-dried SDs produced here deliver comparable or superior dissolution enhancement with simple
solvent-based processing and amenability to scale-up.’'~>*
Spray-dried SDs could improve oral performance of furosemide, reducing dose variability. Limitations
include potential residual solvent, scale-up considerations for powder stickiness, and the need for in vivo
confirmation of improved bioavailability. Future work should explore optimized downstream processing
(e.g., granulation, capsule filling), humidity-protective packaging, and longer-term stability studies.

5. Conclusion
Spray-dried solid dispersions of furosemide prepared with hydrophilic polymers, particularly Soluplus and
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PVP K30 at drug:polymer ratios of 1:2 and 1:4, successfully produced amorphous drug—polymer systems
with substantially improved apparent solubility and dissolution rate. Optimized SDs displayed high yield
and drug content, favorable particle morphology, and disappearance of crystalline signature in PXRD and
DSC, consistent with amorphization. FTIR indicated drug—polymer interactions that likely contribute to
physical stabilization. In vitro intestinal permeability assessed by Caco-2 and PAMPA models showed a 3—
4-fold increase in apparent permeability for optimized SDs compared with crystalline furosemide,
suggesting a promising potential to enhance oral absorption. Accelerated stability testing indicated that
selection of appropriate polymer and ratio is critical to maintain amorphous state under stress conditions.
Overall, these findings support spray-dried solid dispersions as a viable strategy to overcome dissolution-
limited absorption of furosemide; further work should focus on process scale-up, residual solvent control,
and biorelevant dissolution testing to advance toward clinical translation.
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